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EFFECT OF DYNAMIC VARIATIONS IN ENGINE-INLET PRESSURE ON THE 
COMPRESSOR SYSTEM OF A TWIN-SPOOL TURBOFAN ENGINE 

by John E. McAulay 
Lewis Research Center 

SUMMARY 

An investigation was conducted to determine the effects of dynamic inlet pressure 
variations on the compressor system of a turbofan engine. These inlet pressure varia- 
tions were produced by rapid changes in secondary airflow injected as many small con- 
trastream jets ahead of the engine. The air jet system was mechanically capable of 
frequencies up to 200 hertz; however, due to the jet system and engine- inlet duct flow 
characteristics, measurable amplitudes in engine- inlet and fan-compressor system 
pressures were not achieved above 80 hertz. 

The air jet system was used to produce cyclic variations in engine-inlet pressure 
with essentially zero instantaneous spatial distortion (uniform flow), 180° 
circumferential- extent distortion, and rotating distortion. In addition, single pressure 
pulses were introduced with uniform flow and 180° distortion. 

Uniform cyclic inlet pressure variations resulted in transient changes in the fan- 
compressor stage group pressure ratios and in fan-compressor stall at high amplitudes 
(i. e., normalized inlet pressure amplitudes of 0. 28 or greater). The changes in pres- 
sure ratio during the cyclic inlet pressure variation were largest for the fan tip, fan 
hub, and the high-compressor rear stage groups. Oscillating spatial distortions at the 
engine face resulted in compressor stall at substantially lower inlet pressure amplitudes 
than those required to produce stall with spatially uniform oscillating pressure varia- 
tions. Stall was produced at lower values of circumferential distortions with the 180° 
pulsed distortions than with the 180° steady-state distortions. A comparison of the in- 
stantaneous distortion required to produce compressor stall for the oscillating 180° dis- 
tortion, rotating distortion, 180° single pulse, and 180° steady-state distortion showed 
that stall tolerance is a function of the instantaneous distortion, the rate of change of 
the inlet pressure, and the dwell-time of the fan- compressor rotor blading in the low- 
pressure region of an engine- inlet distortion. 



INTRODUCTION 


One of the major problems encountered during the flight of supersonic aircraft is 
their inability to attain the desired flight attitudes, Mach numbers, and altitudes be- 
cause of compressor stall. This restriction in aircraft operation is brought about by a 
combination of undesirable engine- inlet flow conditions produced by the engine- inlet 
system and the lack of adequate compressor stall margin at these inlet flow conditions. 
The interrelation between the engine inlet flow conditions and the compressor stall mar- 
gin is not yet fully understood. 

In the past the effect of steady- state distortion on engine performance and operation 
was determined by extensive testing using screens placed upstream of the engine inlet. 
References 1 and 2 are just a very small sampling of the reports describing this type of 
investigation. Reference 3 reports an early investigation (1958) of the effects of rapid 
inlet pressure oscillation on a turbojet engine. In recent years considerable interest 
has been invoked relative to the combined effects of steady- state distortion and inlet 
pressure dynamic variations. The work reported in references 4 and 5 are represen- 
tative of investigations of this type. 

An effort to continue this latter type of inquiry using a simpler and more basic ap- 
proach has resulted in the experimental study reported herein. For this program a 
twin-spool turbofan engine was selected as being typical of those being planned for many 
advanced supersonic aircraft. High-response pressure instrumentation was used to 
provide an understanding of compressor system operation during dynamic inlet pressure 
variations. 

To provide a controllable dynamic inlet flow environment, a new method of producing 
dynamic engine-inlet conditions was developed at Lewis Research Center. This method 
uses many small air jets upstream of the engine inlet and is reported in detail in refer- 
ences 6 and 7. Data were obtained while the turbofan engine was being subjected to 
spatially uniform and distorted (both cyclic and single pulse) and rotating inlet pressure 
variations. The cyclic variations were introduced at frequencies from 1 to 140 hertz. 

The results of these tests are presented as time histories of compressor pressures and 
stage group pressure ratios and compressor stall limits. 

APPARATUS 

Engine 

The turbine engine used for this investigation was a twin-spool turbofan equipped 
with an afterburner. (See schematic of engine in fig. 1.) The engine consisted of a 
three-stage axial-flow fan mounted on the same shaft with a six-stage, axial-flow, low- 
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High-pressure 
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\ High-pressure 



pressure compressor. This unit is driven by a three-stage, low-pressure turbine. The 

high-pressure spool is a seven-stage, axial-flow compressor driven by a single-stage, 

air-cooled turbine. The rated overall pressure ratio of the fan-compressor system is 

17. 0. The rated pressure ratio of the fan is 2. 1, and it has a bypass ratio of 1.0. The 

compressor has two bleed systems located at about the middle of the low- and high- 

pressure compressors. Both of these bleed systems were closed during this investiga- 
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tion. The exhaust nozzle area was maintained at its rated value (3. 65 ft or 0. 339 m ). 


Air Jet System 

The air jet system, which was used to create the dynamic inlet pressure conditions 
at the engine face, was developed at Lewis Research Center (refs. 6 and 7). Its com- 
ponents are an inlet supply line, a positive shutoff gate valve, a flow supply butterfly 
valve, a torus or manifold and its associated piping, six servo-operated air jet valves 
of special design, and 54 lines (9 from each valve) supplying high-pressure air (second- 
ary flow) to 54 jet nozzles located in the engine- inlet duct. A schematic sketch and pho- 
tographs of this system are shown in figure 2. The jet nozzles, which had a throat 
diameter of 0. 75 inch (1. 91 cm), directed the secondary air counter to the primary flow 
which entered the engine after passing through the bellmouth. 

2 

The air jet system is supplied with 150 psia (103. 5 N/cm abs) air at temperatures 
between 60 and 90 F (16° and 32° C). The jet arrangement which is shown in fig- 
ure 2(b) provides a uniformly distributed secondary flow which repeats every 60° of cir- 
cumferential extent. The high-response servo-operated air jet valves, which are used 
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(d) Air jets installed in engine-inlet duct. View looking downstream. 

Figure 2. - Concluded. 

to control the secondary flow to each 60° segment, were capable of operating up to fre- 
quencies of 200 hertz. 


Engine and Air Jet System Installation 

The air jet system and the engine are shown installed in the Altitude Test Chamber 
in figure 3. When the air jet system flow (secondary) was shut off, all the engine air 
was supplied by means of a conventional direct-connect inlet duct. The altitude chamber 
includes a forward bu'khead which separates the inlet plenum from the test chamber. 
Conditioned air was supplied to the plenum at the desired pressure and temperature. 

The chamber aft of the bulkhead was evacuated to the desired altitude pressure. The 
conditioned air flowed from the plenum through the bellmouth and duct to the engine in- 
let. When desired, the air jet system introduced high-pressure air (15 to 110 psia or 
2 

10. 3 to 75. 9 N/cm abs) counter to the primary air approximately 36 inches (91. 4 cm) 
upstream of the engine face. 

The exhaust from the engine was captured by a collector, extending through the 
rear bulkhead, to minimize recirculation of the exhaust gases into the test chamber. 
Constant exhaust pressure was maintained by an automatic control valve. 
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Figure 3. - Turbofan engine and air jet system installed in altitude test chamber. 


Instrumentation 

The location of the instrumentation is shown for the air jet system in figure 2 and 
for the engine and inlet duct in figure 4. The station identification and location is shown 
on the engine schematic (fig. 4), and the location and number of measurements at each 
station are shown on each station sketch. The station locations were selected to divide 
the compressor into groups of either three or four stages. Figure 5 shows schemat- 
ically the circumferential relation between the jets and the engine- inlet total pressure 
probes. Except for a few select data points, there were 17 transducers located at 
station 2 as shown in figure 5. For the select data points, transducers were installed 
in all 40 probes in order to check the instantaneous spatial distortion. 

Steady- state . - Pressures were recorded on a digital automatic multiple pressure 
recorder. Chromel-Alumel thermocouples were used to measure all temperatures and 
were recorded by means of an automatic voltage digitizer. These systems are de- 
scribed in detail in reference 8. 

High-response transient instrumentation . - The locations of the high-response 
pressure transducers are shown in figures 4 and 5. This instrumentation provided flat 
frequency response to a minimum of 300 hertz. Typical instrumentation rakes which 
measure dynamic pressures, as well as steady-state temperatures and pressures, are 
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Figure 4. - Instrumentation layout. View looking upstream. 








Station 2 total- 
pressure probes 


® Steady state 



Figure 5. - Spatial relation of engine-inlet 
(station 2) instrumentation and air jets. 
View looking upstream. 


shown in figure 6. Water cooling of the high-response transducer is illustrate in this 
figure. The purpose of the water cooling was to maintain the transducer at a tempera- 
ture below its operational limit. The water cooling also kept the transducer at a near 
constant temperature so as to minimize its zero and sensitivity change with temperature. 
A more complete discussion of the use of high-response transducers and the method of 
calibration just prior to engine- inlet pressure transients is given in reference 9. The 
high-frequency response data were recorded simultaneously on a high-speed digitizer- 
recorder (sampling rate of about 50 samples per input per sec) and on magnetic tape 
which provided both analog and digitized (1000 samples per sec) results. 


PROCEDURE 

For all test data presented in this report, the engine was stabilized at the desired 
speed, and the engine-inlet pressure was set at a value that in conjunction with the inlet 
temperature produced a Reynolds number index of 0. 5. (Standard conditions at sea-level 
static yield a Reynolds number index of 1.0.) During the course of the investigation, 
the engine- inlet temperature varied between 60° and 90° F (16° and 32° C). Because it 
was not possible to control the secondary air temperature, the primary air temperature 
was set approximately equal to the existing secondary air temperature. This was done 
so as not to introduce a temperature distortion at the engine inlet. The corresponding 
range of engine-inlet pressures necessary to provide a Reynolds number index of 0. 5 
was 7. 35 to 7. 90 psia (5. 07 to 5. 45 N/cm abs). The engine exhaust pressure was set 
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at 2. 4 psia (1. 66 N/cm abs) for all tests. In addition, the compressor bleed systems 
were closed and the engine exhaust nozzle area was maintained at its rated value (i. e. , 
3.65 ft 2 or 0. 339 m 2 ). 

Uniform Oscillations At Discrete Frequencies 

The engine and its inlet and exhaust conditions were stabilized at the desired con- 
ditions with the air jet (secondary) flow near zero (i. e. , upstream gate valve open, up- 
stream butterfly valve closed). The six air jet valves were then adjusted and balanced 
to produce the desired air jet valve travel. With all secondary air system valves sta- 



(a) Uniform oscillations. 


-Three adjacent 



Other three 
adjacent valves 


Steady state 


(b) Oscillating 180° circumferential distortion. 
/-Valve 1 


/ ^Valve 2 (adjacent to valve 1) 


Valve 

displacement 



L Valve 3 (adjacent to valve 2) 
(c) Rotating circumferential distortion. 


Steady state 

'mMI six valves 
(d) Uniform pulse. 


/-Three adjacent valves 
Steady state / 


I I ''-Other three adjacent valves 

(e) 180° circumferential pulse. 

Time ► 

Figure 7. - Air jet valve displacement with time for several 
types of inlet pressure dynamic testing. 
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tionary, steady- state data were taken followed by a two- point calibration of the high- 
response transducers (see ref. 9). Immediately following the transducer calibration, 
with the analog and digital transient data systems recording, the six air jet valves were 
activated at the desired frequency and amplitude and the butterfly valve was slowly 
opened producing a gradual increase in the average air jet system flow. The displace- 
ment of the air jet valves with time during this test is shown in figure 7(a). In order 
to maintain the average engine- inlet pressure constant, it was necessary to adjust a 
facility primary air valve to compensate for the rising air jet system flow. Increasing 
the air jet flow and consequently the engine-inlet pressure amplitude was continued until 
the butterfly valve was fully open or compressor stall occurred. 


Uniform Oscillations During A Frequency Sweep 

For these tests, the air jet valves were driven by a sweep frequency generator. 

With the butterfly valve closed, the six air jet valves were adjusted and balanced to 
produce the desired travel as before. Then with the valves stationary and set at the 
midpoint of their desired travel, the butterfly valve was gradually open to its maximum 
position and the desired engine-inlet pressure produced by proper adjustment of the 
facility primary air supply valve. With the engine stabilized, the steady-state and 
calibration data were taken as before. Then with the transient data systems operating 
the frequency generator was activated at 1 hertz and the frequency slowly increased to 
140 hertz or until compressor stall occurred. If compressor stall was encountered 
prior to reaching the 140 hertz, the procedure was to activate the air jet valves at 
140 hertz with the butterfly valve closed following the steady-state and calibration data; 
then, with the transient data systems operating, open the butterfly valve to full open 
while maintaining constant average engine-inlet pressure. Following this, the frequency 
sweep generator would slowly reduce air jet valve frequency until compressor stall 
occurred. 


Oscillating 180° Circumferential Distortion At Discrete Frequencies 

For this test three adjacent air jet valves on one side of the engine-inlet duct were 
o 

operated 180 out of phase with the other three valves. The phasing of the valves was 
accomplished through the use of an analog computer from the moment they were acti- 
vated. Following the adjusting and balancing of the six air jet valves with the butterfly 
valve closed, and with the valves set at the midpoint of their travel, the butterfly valve 
was opened and the engine and its inlet and exhaust conditions stabilized at their desired 
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levels. The steady-state and calibration data were then taken, and with the transient 
data systems recording, the computer activated the air jet valves and gradually in- 
creased the valve amplitude until the maximum preset valve amplitudes were reached 
or compressor stall occurred. Figure 7(b) describes the air jet valve displacement 
during this test. 


Rotating Circumferential Distortion At Discrete Frequencies 

The procedure used for this test was identical to that used for the ’’oscillating 180°” 
test except that each air jet valve was 60° out of phase with the adjacent valve. The rate 
of rotation in revolutions per second of the low engine- inlet pressure region in either 
direction was equal to that of the imposed input frequency.- The air jet valve displace- 
ment for this test is shown in figure 7(c). 


Single Inlet Pressure Pulses 

For this test, all air jet valves were closed with the butterfly valve open. Following 
the acquisition of the steady-state and calibration data, an analog computer was used to 


TABLE I. - SUMMARY OF INLET DYNAMIC TESTS 


Type of test 

Method of amplitude variation 


Frequency, 

Number 


Valve 

Supply pressure 

■ 

Hz 

of engine 
speeds 

Uniform oscillations 
at discrete frequencies 

Constant 

(maximum) 

Zero to 
maximum 
(or stall) 

Sine wave 

9 discrete 
frequencies: 
1 to 200 

4 

Uniform oscillations 
during a frequency sweep 

Constant 

3 levels 

Sine wave 

1 to 140 

1 

Oscillating 180° circumferential 
distortion at discrete frequency 

Up to maximum 
(or stall) 

Maximum 

Sine wave 

10 discrete 
frequencies: 
1 to 200 

2 

Rotating circumferential 
distortion at discrete 

o 

frequencies 

Up to maximum 
(or stall) 

Maximum 

Sine wave 

^8 discrete 
frequencies: 
1 to 140 

1 

Single -inlet 
pressure pulses 0 

Up to maximum 
(or stall) 

Maximum 

Square pulse 

— 

2 


a Low-pressure region corotated and contrarotated with the compressor rotors. 
^Emphasized frequencies near one-half of fan rotor speed. 

C Pulse time varied from 5 to 1000 msec; circumferential extent of 180° and 360°. 
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produce a programmed step of the air jet valves. Figures 7(d) and (e) illustrate the air 
jet valve displacement during the pulse test. The size of the valve step was increased 
in small increments until maximum valve travel or compressor stall was encountered. 
The pulse durations were also varied from 5 to 1000 milliseconds and, in addition, the 
number of air jet valves, which were stepped, varied from one (60° circumferential 
extent) to six (360° circumferential extent). Only data obtained for 180° and 360° extent 
are presented in this report. A more comprehensive presentation of all the pulse data 
is presented in reference 10. A summary of the previously described dynamic tests is 
presented in table I. 


Data Processing 

Steady-state data were obtained to provide a base point for the transient data. The 
two-point calibration taken before each transient in conjunction with the steady-state data 
provided the information necessary to calculate the local instantaneous levels of pres- 
sure. The transient analog data were available as time histories and are present in 
this form for a few representative cases. Short time spans of this data were also digit- 
ized, generally at 1- millisecond intervals, so that calculated results could be more 
readily obtained and plotted. 


RESULTS AND DISCUSSION 

Air Jet System Capability in Producing Engine-Inlet Pressure Variations 

The purpose of the discussion and data presented in this section of the report is to 

exhibit the various patterns of engine-inlet pressure variations that were generated with 

the air jet system. A more complete and fundamental presentation of the air jet system 

performance can be found in references 6 and 7. 

Normalized engine- inlet total pressure amplitude (P T 2 -■ P, r 9 yP T „ 

\ 1 > max 1 > *min/l 1 ’ ^ss 

is shown as a function of input frequency in figure 8 to illustrate the dynamic response 
of the engine-inlet pressure over a range of frequencies from 1 to 140 hertz. (Symbols 
are defined in the appendix. ) The steady-state pressure was used in the calculation of 
normalized amplitude instead of the average between P T 2 and P T 2 because 

it gives nearly the same result and was more convenient to use. These data were ob- 
tained at a constant air jet system supply pressure and with all six air jet valves oper- 
ating in phase at the same amplitude. The steady- state values of engine- inlet pressure 
and corrected air flow were 7. 74 psia (5. 34 N/cm abs) and 220 pounds per second 
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Figure 8. - Typical variation of normalized engine-inlet pressure 
amplitude with frequency. Engine corrected air flow, 220 pounds 
per second, (99. 6 kg/sec), steady-state inlet total pressure, 7.74 
psia (5. 34 N/cm z abs). 


(99. 6 kg/sec). The data of figure 8 represent operation at a valve amplitude and air jet 
supply pressure (flow) less than maximum, so that a complete frequency spectrum can 
be shown without interruption due to compressor stall. Consequently, the engine- inlet 
pressure amplitudes do not represent the maximum obtainable. 

The most significant trend is the rapid attenuation in amplitude above 20 hertz. 

This attenuation is associated with the air jet system supply-line dynamics upstream and 
downstream of the air jet valves and the dynamic characteristics of the engine- inlet duct. 
A study of these factors and possible methods to reduce the attenuation at the higher fre- 
quencies is presented in reference 7. As a result of the low inlet pressure amplitudes 
obtained at input frequencies over 80 hertz, along with the attenuation of the pressure 
amplitudes through the compressor system, subsequent data presented in this report are 
only shown up to a frequency of 80 hertz even though the air jet valve capability was as 
high as 200 hertz. 

The ability of the air jet system to produced engine- inlet pressure oscillations with- 
out introducing sizable instantaneous distortions is presented in figure 9. Inlet pressure 
is plotted as a function of time for a pressure oscillation imposed at 10 hertz. The data 
used to construct this figure were measured at 40 spatially different locations at the in- 
let (see fig. 5 for the probe locations and their relation to the air jet hardware). (In any 
given time region in fig. 9, 40 points are not shown because of pressure-time duplication 
and five probe locations producing erroneous measurements). The envelope curves of 
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If the measurement and readout accuracies of transient data are considered, the 
agreement illustrated shows that the air jet system can produce engine-inlet pressure 
oscillations without any substantial increase in instantaneous spatial distortion level 
over that obtained during steady-state operation. 

Typical engine- inlet total pressure-time histories are presented in figure 10 for 
three different modes of air jet system operation. In each case the variation with time 
of two inlet pressures 180° apart are shown. Figure 10(a) exhibits the variation of the 
two pressures during the uniform cyclic mode at 20 hertz. Figure 10(b) shows how the 
same pressure measurements changed for the oscillating 180° circumferential distortion 
at 20 hertz. Figure 10(c) presents the pressure variation when a uniform pulse was im- 
posed at the engine inlet. 





Engine-inlet 

circumferential 

location, 

deg 

90 



(a) Uniform cyclic pressure oscillation at 
20 hertz. 



at 20 hertz. 



(c) Single uniform pulse. 


Figure 10. - Typical variation of engine-inlet pressure 
during air jet operation. 
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Fan-Compressor Response to Uniform Engine-Inlet Dynamic Pressure Variations 


Cyclic oscillations . - Typical time histories of 14 total pressures located through- 
out the fan-compressor system are presented in figure 11 during a uniform (zero in- 
stantaneous distortion) engine-inlet pressure oscillation. These 14 pressures con- 
sisted of two pressures (approximately 180° apart; see fig. 4) at each of seven fan- 
compressor stations (i. e. , station 2, 2. 3F, 2.3, 2.6, 3, 3.12, and 4). The radical 
location of each measurement was near or at the midpassage height. As previously 
stated (see PROCEDURE), the inlet pressure amplitude was gradually increased until 
limited by air jet system capacity or compressor stall. Figure 11 shows the last pres- 
sure cycle at 10 hertz prior to stall and the stall itself. When stall occurred, the nor- 


Increasing 



Figure 11. - Typical fan-compressor time histories during 10-hertz uniform engine-inlet cyclic pressure variation leading to stall. High- 
pressure rotor speed, 13 234 rpng exhaust nozzle area, 100 percent rated; Reynolds number index, 0.5, 
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ure 12. 

Figure 12 shows the variation of pressure amplitude for several fan-compressor 
stations over a range of input frequencies. Figure 12(a) presents the normalized ampli- 
tude. The trend exhibited by the engine-inlet pressure data are consistent with the data 
previously shown in figure 8 which illustrated the air jet system limitations as frequency 
is increased. Figure 12(b) shows the normalized amplitude ratio which is the data of 
figure 12(a) divided by the normalized amplitude at station 2. The normalized ampli- 

essor deci 



pressure amplitude at the engine inlet above 20 In 
and use of transducers with a necessarily high range at the compressor exit may well 
have influenced this result. 







Fan- 

compressor 

station 

O 2 

□ 2.3F 

O 2.3 




Figure 12. - Dynamic response ot compressor system during uniform 
inlet pressure oscillations. High-pressure rotor speed, 13 350 rpm; 
exhaust nozzle area, 100 percent rated; Reynolds number index, 

0 . 3 . 



Figure 13. - Phase shift relative to station 2 (engine inlet) at various 
fan -compressor stations during uniform inlet pressure oscillations. 
High-pressure rotor speed, 13 350 rpm ; exhaust nozzle area, 

100 percent rated;, Reynolds number index, 0.5. 


sure oscillations are imposed at the fan- compressor inlet. The next two figures are 
presented to demonstrate the effects of inlet pressure amplitude and frequency on the 
stage group pressure ratios. 

The data of figure 11 (frequency of 10 Hz), were used to calculate the stage group 
pressure ratios up to the time of flow breakdown. The results are displayed in figure 14 
in coordinates of pressure ratio and time. The maximum pressure ratio swings were 
exhibited by the fan tip, fan hub, and high- compressor rear stage groups. The data 
also show that the average pressure ratio (as determined from the maximum and mini- 
mum) differ substantially from the steady- state value (established prior to the inlet 
oscillation) in the case of the high-pressure compressor. The front stage group of this 
compressor (3. 12/3) remains at or below its steady-state value during the imposed 
pressure oscillation, while the rear stage group (4/3. 12) has an average pressure ratio 
well above its steady-state value. Matching the time at which events occur using the 


Stage 

group 

O 2.3/2 
□ 2.3F/2 
O 2. 6/2. 3 
O 3/2.6 
Q 3.12/3 
a 4/3.12 



Figure 14. - Typical fan -compressor stage group pressure 
ratios during uniform engine-inlet cyclic pressure varia- 
tion at 10 hertz. High-pressure rotor speed, 13 234 rpm; 
exhaust nozzle area, 100 percent rated; Reynolds num- 
ber index, 0.5. 
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data presented in figures 11 and 14 shows that the stage group pressure ratios are at or 
near their respective peak values, when the inlet pressure is at the lowest level of the 
imposed oscillation. Thus with instantaneous inlet spatial distortion levels equivalent 
to those encountered during clean inlet testing, rapid changes in inlet pressure produced 
conditions in the fan-compressor associated with stall, namely, pressure ratios well 
above the steady-state operating valves. 

The data of figure 14 and similar data at other inlet pressure frequencies were used 

to calculate the ratio of peak pressure ratio to steady-state pressure ratio for each 

stage group. This was done for two levels of normalized inlet pressure amplitude 

/p 0 - P T 9 \/P T 0 , 0.27 and 0.09. The reason for selecting the lower value 

\ ^max i,iJ min/' 1,<i ss 

of normalized amplitude was to permit the previous calculation to be made for frequen- 
cies above 20 hertz where values above 0. 09 could not be consistently attained (see 
fig. 12(a)). The results are plotted in figure 15 where the ratio of peak to steady-state 
pressure ratio for each stage group is shown over a range of frequencies. 


Stage 

group 


O 2.3/2 
□ 2.3F/2 
O 2. 6/2. 3 



Figure 15. - Variation of peak stage group pressure ratios 
with frequency. High-pressure rotor speed; 13 230 rpm ; 
exhaust nozzle area, 100 percent rated; Reynolds num- 
ber index, 0,5. 
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Figure 16. - Stall limit and operating characteristics during uniform 
engine-inlet cyclic pressure variations on coordinates of normalized 
inlet pressure amplitude and input frequency. High-pressure rotor 
speed, 13 300 rpm ; exhaust nozzle area, 100 percent rated; Reynolds 
number index, 0. 5. 




Single pulse. 





The data of figure 17 were used to calculate the stage group pressure ratios up to 
the time of flow breakdown. The variation of these stage group pressure ratios with 
time are presented in figure 18. Here again, the maximum deviation of stage group 
pressure ratios from their respective steady-state values is exhibited by the fan tip, 
fan hub, and high- compressor rear stage groups. It is of interest to note that the maxi- 
mum pressure ratios attained during the single pulse test prior to stall are similar for 
all stage groups to those encountered prior to stall with the cyclic oscillation. 

One other point of comparison between the uniform cyclic and pulse inlet pressure 
variation is worthy of note. As was stated previously for frequencies from 1 to 20 hertz, 

the magnitude of the normalized inlet pressure amplitude ( P T o - P T 9 yP T o 

\ ’ max 1 ’ z min // 1 ’ ^ss 

required to stall the fan-compressor system during the cyclic mode was between 0. 28 

and 0. 33. For the pulse mode, the stall value of /TV 0 - Pm n yPm o was 

\ T> 2 max T ’ 2 min// T ’ 2 ss 


Stage 

group 

O 2.3/2 
□ 2.3F/2 
O 2. 6/2. 3 
O 3/2.6 



(a) Pulse without stall, (b) Increased amplitude pulse with stall. 

Figure 18. - Typical fan -compressor stage group pressure ra- 
tios during uniform engine-inlet single pressure pulses. 

Air jet valve pulse time, 13 milliseconds; high-pressure 
rotor speed, 13 250 rpni; exhaust nozzle area, 100 percent 
rated; Reynolds number index, 0.5. 
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ential Met pressure pulses - one without and one with stall. Characteristics of the stall 


are similar to those illustrated in figures 11 and 17 for the uniform inlet pressure mode. 







Figure 19. - Typical fan -compressor time histories during 20-hertz 180° out-of-phase engine-inlet cyclic pressure variation leading 
to stall. High-pressure rotor speed, 12 194 rpm ; exhaust nozzle area, ICO percent rated; Reynolds number index, 0. 5. 


substantially greater distortions without producing stall are possible. For those modes 
of distortion not related to frequency, namely, steady-state and 180° pulse, the levels 
of stall tolerance parameter at stall are merely indicated on the ordinate of the figure. 
For the oscillating 180° and the rotating distortions, the results are plotted at their 
appropriate frequencies. Stall tolerance parameter is defined in this manner for the 
distorted inlet pressure data because the resulting parameter is a measure of the in- 
stantaneous distortion (subject, of course, to the 2-msec criteria). Thus, if instanta- 
neous distortion were the sole factor in determining stall, all modes and frequencies of 
inlet pressure varaiations should produce stall at the same value of stall tolerance 
parameter. 
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(b) Increased amplitude pulse with stall. 


Figure 20. - Typical fan-compressor time histories during 180° engine-inlet single pressure pulse. Air jet valve pulse time, 15 milliseconds; 
high-pressure rotor speed, 13 257 rpm ; exhaust nozzle area, 100 percent rated; Reynolds number index, 0.5. 


The data presented in figure 21 have been subdivided into two parts. Figure 21(a) 
compares the stall tolerance parameter for the 180° steady-state distortion, the 180° 
pulse distortion and the 180° oscillating distortion. Stall was encountered at a stall 
tolerance parameter of 0. 054 with the steady-state distortion as compared to 0. 036 when 
the pulse distortion was imposed. The steady-state value is based on results shown in 
reference 9. The oscillating distortion produced some variation in stall tolerance 
parameter as frequency was varied. At 1 hertz the value was 0. 073 and it decreased as 
frequency was raised until a stall tolerance parameter of 0. 057 was reached at a fre- 
quency of 60 hertz. 

Figure 21(b) compares the stall tolerance parameter for the 180° steady-state dis- 
tortion and the two rotating distortions. When the distortion was contrarotated (opposite 
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(b) Comparison of rotating and 180° steady-state distortions. 

Figure 21. - Effect of several engine-inlet distortion modes 
on compressor system stall tolerance. High-pressure 
rotor speed, 13 100 rpm ; exhaust nozzle area, 100 per- 
cent rated; Reynolds number index, 0.5. 



to the direction of the fan-low compressor rotor), the stall tolerance parameter was 
substantially greater than for the steady-state distortion or the corotating distortion. 

At 20 hertz the contrarotating value of stall tolerance parameter was 0. 078 as compared 
to 0. 059 for the corotating distortion. The steady-state distortion value as previously 
stated was 0. 054. As the frequency of the corotating distortion was increased, the stall 
tolerance decreased. As the frequency approached 72 hertz (i. e. , one-half of fan- low 
compressor rotor speed), the stall tolerance parameter decreased to about 0. 030 which 
is slightly below the value attained for the 180° pulse distortion. This substantial de- 
crease in stall tolerance parameter with frequency strongly suggests that stall tolerance 
is a function of the dwell-time of the fan-compressor rotor blading in the low pressure 
region of an engine-inlet distortion. The data presented in figure 21 also indicate that 
stall tolerance is related to the rate of change of the inlet pressure as well as the in- 
stantaneous distortion level. 

CONCLUDING REMARKS 

Rapid and controlled changes in engine-inlet total pressure were produced by rapid 
changes in secondary air flow which was injected as many small eontrastream jets ahead 
of the engine. The flexibility of this air jet system made it possible to produce cyclic 
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and single pulse variations in engine- inlet pressure with uniform (zero instantaneous 
spatial distortion) and 180° distortion. It was also possible to create rotating circum- 
ferential distortions at the engine inlet at frequencies up to about one-half of fan-low 
compressor rotor speed. 

Cyclic or pulse uniform inlet pressure variations resulted in transient changes in 
the fan-compressor stage group pressure ratios. The pressure ratio changes were 
largest for the fan tip, fan hub, and high- compressor rear stage groups. When the nor- 
malized amplitude of the uniform cyclic oscillations /P T 9 - P™ 9 \/P_ 0 

V ’ Vax 1 ’ z min// 1 > ^ss 

reached values of 0. 28 to 0. 33, fan-compressor stall occurred over an input frequency 

range from 1 to 20 hertz. The parameter (P™ 0 - P_, 9 yP™ o was devised to 

\ ’ ss 1 ’ ^min/' 1 ’ ^ss 

assess the inlet pressure amplitude required to produce stall during different modes of 
uniform inlet pressure variations. When this parameter was used, the pulse mode re- 
quired about 0. 16 to stall the compressor. For the cyclic mode, the value of this 
parameter at stall varied from 0. 16 to 0. 14 depending on inlet pressure input frequency. 

Spatially distorted cyclic and pulse inlet pressure variations resulted in compressor 
stall at substantially lower inlet pressure amplitudes than those required to produce 
stall with spatially uniform inlet pressure variations. Stall was produced at lower values 
of circumferential distortion with the 180° pulsed distortions than with the 180° steady- 

state distortions. A stall tolerance parameter ( Prp , 0 -Pm, 9 A/Pm, 9 , which 

\ ’ "avg ’ “min /' ’ ^avg 

is a measure of the instantaneous distortion level, was used to compare the various dis- 
tortion modes. Stall occurred over a range of stall tolerance parameter values from 
0. 078 to 0. 030 depending on the mode and frequency of the inlet pressure distortion. The 
various distortion modes included oscillating 180° distortion, rotating distortion, 180° 
single pulse, and 180° steady-state distortion. The results showed that stall tolerance 
is a function of not only the instantaneous distortion level, but also the rate of change of 
the inlet pressure and the dwell-time of the fan- compressor rotor blading in the low- 
pressure region of an engine- inlet distortion. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, May 5, 1970, 

720-03. 



APPENDIX - SYMBOLS 


P T 
A max 

P T 

1 min 

P 

JsT 

1 ss 


maximum instantaneous total pressure at appropriate fan- 
compressor station 

minimum instantaneous total pressure at appropriate fan- 
compressor 

steady-state total pressure at appropriate fan-compressor 
station prior to inlet pressure transient 


■ m n 

1 ’ avg 


■ rp | p 

1 ’ avg 


■ rp 

’ max 


T',2 


max 


average value of engine- inlet total pressure between 

Pm n and Pm p 
’max ’min 

average value of engine- inlet pressure between P^,, 

and P T , p 

1 ’ ^min 

maximum instantaneous engine-inlet total pressure 


2 


max 


maximum engine- inlet total pressure which occurred prior to 
stall over time period of at least 2 msec 


- rp n 

’ min 


T',2 


mm 



minimum instantaneous engine-inlet total pressure 

minimum engine- inlet total pressure which occurred prior to 
stall over time period of at least 2 msec 

steady-state engine- inlet total pressure prior to inlet pres- 
sure transient 



normalized amplitude (applicable to any fan- compressor 
station) 


normalized amplitude ratio 
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' T 9 

JL « — 


T% 2 


mm 


- rp f ^ 


- ri"? f Q 

' » avg 


■ T * 2 
x ’ min 


T% 2 


avg 


stall tolerance parameter for uniform inlet pressure varia- 
tions 

stall tolerance parameter for distorted inlet pressure varia- 
tions 
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